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Introduction
Methane (CH4) is the second most impor-
tant  anthropogenic  greenhouse  gas,  contri-
buting about 30% to the total net anthropo-
genic radiative forcing of 1.6 W m-2 (Forster 
et al. 2007). The atmospheric concentration 
of methane has been increasing since the be-
ginning  of  the  industrial  revolution  (Ethe-
ridge  et  al.  1998)  but  the  growth  rate  de-
clined from 1983 until 1999, consistent with 
an  approach  to  steady state.  Superimposed 
on  this  decline  is  a  significant  interannual 
variability in growth rate (Dlugokencky et al. 
2003). From 1999 to 2006, the CH4 concen-
tration  was  about  constant,  but  in  2007  to 
2009,  globally  averaged  CH4 increased 
again.  Dlugokencky  et  al.  (2009) attribute 
the causes for the current increases to warm 
temperatures  in  the Arctic  in  2007  and in-
creased precipitation  in the tropics in  2007 
and 2008.
Most of the methane from natural sources 
in Earth’s atmosphere is thought to originate 
from biological processes in anoxic environ-
ments, but a large terrestrial source of CH4 
was proposed by Keppler et al. (2006) who 
observed emissions from vegetation  foliage 
under aerobic experimental conditions. This 
newly discovered source was estimated to be 
between 10 and 30% of the total emissions 
with  a  significant  temperature  dependency 
(Keppler et al. 2006). Aerobic CH4 emission 
from foliage  has  been  confirmed  by  other 
groups  in  the  laboratory,  but  with  signifi-
cantly lower  CH4 emissions  (Vigano  et  al. 
2008,  McLeod  et  al.  2008,  Bruhn  et  al. 
2009,  Vigano et al. 2009). In general, rates 
of CH4 emission were found to depend expo-
nentially on temperature and linearly on UV 
irradiance.  The  UV  irradiance  has  to  be 
spectrally weighted and shorter wavelengths 
results in higher CH4 emissions. (Vigano et 
al.  2008,  McLeod et al.  2008,  Bruhn et al. 
2009, Vigano et al. 2009).
Studies  show that  pectin  is  an  important 
precursor  for  CH4 production  in  leaves.  A 
global  upscaling  model  for  estimating 
aerobic CH4 emissions, based on lab results 
and  considering  only  pectin  content  as  a 
driver  has  been  conducted  recently  by 
Bloom et al. (2010). Their estimate is one to 
two orders of magnitude lower than previous 
estimates of global foliar CH4 emissions by 
Keppler  et  al.  (2006).  Recent  studies  have 
reported that pectin is not the only molecular 
source of UV-driven CH4 emissions and that 
other environmental stresses may also gene-
rate CH4 (Vigano et al. 2008). Consequently, 
further  evaluation  of  such  mechanisms  of 
CH4 generation is needed to confirm the con-
tribution of foliage to the global CH4 budget 
(Bloom et  al.  2010).  It  is  a  giant  leap,  to 
scale up from simple lab experiments to the 
globe,  and  therefore there is  a strong need 
for field measurements to consolidate the up-
scaling from the lab experiments.
Forest  ecosystems are,  in  relation  to  area 
and  biomass,  the  most  significant  biomes 
(e.g.,  Kirschbaum  et  al.  2006)  and  con-
sequently are data from forests very central 
in  the  understanding  of  aerobic  CH4 emis-
sions. A new and elegant way to show CH4 
emissions  in situ from forest trees could be 
by the aid of micrometeorological flux mea-
surements.  Until  now,  field  measurements 
based  on  eddy  covariance  have  failed  to 
show  CH4 emissions  from  forest  canopies 
(Bowling et al. 2009, Smeets et al. 2009).
To detect any CH4 production in the cano-
py of a beech stand we connected during au-
tumn a CH4 analyzer to  a vertical  air  sam-
pling  system  that  samples  air  below  and 
above the canopy from seven heights all in 
all (profile system). We expected to be able 
to  measure  CH4 concentration  gradients 
especially at low wind speeds, when low ver-
tical mixing allows concentration differences 
to build up.
Material and methods 
The Soroe site is located at 55°29’13’’N, 
11°38’45’’E at an elevation of 40 m above 
mean  sea  level  in  the  beech  forest  “Lille 
Bøgeskov” near Soro on the island of Zea-
land, Denmark. It is believed that the forest 
has never been under plough and that beech 
trees have been dominating in the area since 
2500 B.C. The soils in  the area are brown 
soils classified after the American Soil Taxo-
nomy system as either Alfisols or Mollisols 
(depending  on  a  base  saturation  under  or 
over  50%)  with  a  10-40  cm deep  organic 
layer. The carbon pool in the soil (down to 1 
m depth) is 20 kg m-2. The C/N ratio is about 
20 in the upper organic soil layers falling to 
about  10 in the lower mineral layers  (Pile-
gaard et al. 2003). In 2003 the trees around 
the station were 81 years old beech (Fagus  
sylvatica L.)  trees  with  an  average  tree 
height of 25 m. The roughness length is 1.6 
m and the displacement height 19.0 m (Dell-
wik & Jensen 2000). The terrain is flat and 
there is a homogeneous fetch of 500-2000 m 
depending on direction. In 2003 the average 
tree diameter was 38 cm, the stand density 
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Laboratory experiments show that rates of CH4 emission from plant material 
depend exponentially on temperature and linearly on UV irradiance. The UV 
irradiance  shall  be  spectrally  weighted  and  shorter  wavelengths  results  in 
higher  CH4 emissions.  Global  upscaling  models  for  estimating  aerobic  CH4, 
based on lab results, have be conducted with varying results, but until now 
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consumption in the canopy of a beech stand we connected a CH4 analyzer to a 
canopy air profile system that samples air below and above the canopy from 
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was about 283 stems ha-1 and the wood in-
crement  calculated  on  the  basis  of  yield 
tables was approximately 11 m3 ha-1 yr-1; see 
Pilegaard et al. (2003) for further site details.
The site is equipped with a system with the 
purpose of measuring profile concentrations 
of gases such as CO2, O3, NO and NO2 with 
different monitors (Pilegaard et al. 2003). In 
autumn  2009,  a  CH4 new analyzer  (LGR, 
DLT-100,  Los Gatos Research,  CA, USA), 
was added to the system. The LGR measures 
CH4, CO2 and H2O via the cavity-ringdown 
principle  with  high  precision  and  in  our 
setup continuously at 1 Hz. The vertical pro-
file  system  consists  of  a  series  of  Teflon 
tubes (inner diameter 4.8 mm) with inlets at 
different  heights  on  a  meteorological  mast 
(0.1 m, 0.5 m, 1 m, 5 m, 15 m, 30 m and 41 
m -  Fig. 1). The tubes are sets of two diffe-
rent lengths: 25 m for heights up to 15 m; 50 
m for heights from 15 m to 41 m; i.e., at 15 
m both lengths are applied in order to make 
it possible to investigate tube effects. A con-
stant flow is maintained through the tubes by 
a  diaphragm compressor  with  a  total  flow 
rate of 20 SLPM, i.e., 2.5L continuously on 
each tube, monitored by a mass flow meter. 
PTFE  coated  valves  (Type  117,  Bürkert 
GmbH  &  Co.  KG,  Ingelfingen,  Germany) 
are installed on the individual tubes to allow 
the air intake to the monitors to be switched 
between the different heights (Fig. 1 - Pileg-
aard et al. 2003).
The  forest  canopy  starts  with  the  lower 
leaves  around  13  m above  the  forest  floor 
and ends around the height  of 26 m above 
the  forest  floor.  The  measurement  time  at 
each height can be controlled by a computer; 
currently measurements  are  made  during  2 
minutes  from each  height.  The  study  was 
conducted in the autumn 2009 in a senescent 
canopy just before and during leaf fall (23 rd 
October - 16th November). The CO2 data was 
extracted from the LGR analyzer were syn-
chronized and matched with CO2 data from 
the other CO2 analyzer (LICOR - 7000) for 
verification  of  the  individual  measuring 
heights and times.
Results
Conditions  with  low  wind  speed  are 
needed to detect the build up or depletion of 
gas  concentrations  inside  a  forest  canopy 
gradient.  Only during one event during the 
sampling period did we have sufficiently low 
wind  movements  to  determine  CH4 gra-
dients. In Fig. 2 the relative humidity, PAR, 
air temperature and friction velocity (u*) are 
shown from measurements above the canopy 
during  the  event  with  windless  conditions, 
31st of October. Stabile air conditions (u* > 
0.5 m s-1) are seen from midnight until noon 
(called  analysis  period).  PAR,  air  tempera-
ture and  u* increase from 10:00 while rela-
tive humidity (RH) decreases. In  Fig. 3A, B 
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Fig. 1 - Illustration of the  
measuring set up with gas  
monitors and actual sampling  
heights for the vertical profile  
system. See description
in the text.
Fig.  2 - Relative humidity (RH%), PAR, temperature and friction velocity (u*) measured 
above the canopy in relation to time of day during the analysis period.
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and C the concentrations of CO2 and CH4, 
from the LGR analyzer,  are shown in rela-
tion to sampling height and time for three se-
lected sample hours during the analysis pe-
riod.  The  sample  periods  represent  night 
time at  calm conditions  (Fig.  3A, 3B)  and 
day  time  conditions  with  an  increasing  u* 
(Fig.  3C). In  Fig.  3A, 3B and 3C the CO2 
concentration is highest near the forest floor 
and  decreases  in  the  canopy and  is  lowest 
above  the  canopy.  The  CH4 concentrations 
are  much  more  variable  than  CO2,  but  in 
general, lowest at the forest floor and highest 
in  the  canopy and  above  the  canopy.  The 
processes in the soil play important roles for 
the  development  of  air  concentrations  of 
both  CO2 and  CH4 above  the  soil.  In  this 
forest  it  is  documented that there is a con-
stant upward CO2 flux due to microbial and 
root  respiration  and  a  constant  downward 
flux  of  CH4 due  to  microbial  oxidation 
(Pilegaard  et  al.  2003).  The  bell  shaped 
curve for CO2 in relation to sampling height 
is less explicit in Fig. 3C due to a higher rate 
of air  mixing,  but  still  very clear  and it  is 
also possible  to  detect the inverse relation-
ship for CH4. Here, the increased air mixing 
reduces the gradients but it also reduces the 
concentration variations for both gasses. In 
Fig. 4 a contour plot shows the vertical CO2 
concentration for the complete analysis  pe-
riod.  The CO2 concentration  is  high  in  the 
lower part of the forest and reaches its maxi-
mum near the forest floor. The concentration 
gradient  vanish  when  u* exceeds  0.5  m s-1 
around noon. In Fig. 5 a contour plot shows 
the vertical  CH4 gradients for the complete 
analysis period. Low concentrations near the 
forest floor can be seen and higher concen-
trations are detected in the canopy, shown as 
“islands”, with higher concentrations around 
1:30,  7:00,  9:00  and  11:30  o’clock.  Also 
here  the  concentration  gradient  vanishes 
when u* exceeds 0.5 m s-1.
Discussion 
Methane is produced when plant  material 
is  exposed to  UV light  and there is also a 
parallel CH4 emission that increases with in-
creasing  temperature  (Vigano  et  al.  2008, 
Bruhn et al. 2009). To document and quan-
tify this in the field is a major task because 
the emission is small compared to the atmo-
spheric concentration and the natural varia-
tion is high, as seen in this and others studies 
(Bowling  et  al.  2009,  Smeets  et  al.  2009, 
Miyama et al. 2010). Plumes from polluted 
areas containing higher  CH4 concentrations 
can be transported to forest areas as shown 
by  Bowling et al.  (2009) and  Smeets et al. 
(2009) and this will contribute to large varia-
tions in the background CH4 concentration. 
Two  studies  find  a  negative  vertical  CH4 
gradient from above the forest to the forest 
floor  (Bowling  et  al.  2009,  Smeets  et  al. 
2009).  A negative CH4 gradient  within  the 
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Fig. 3 - CO2 and CH4 concentration in the air in relation to height and time of day on three 
selected time periods lasting 1 hour each.
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canopy could  indicate:  (1)  a soil  CH4 sink 
and no canopy exchange of CH4; (2) a soil 
CH4 sink and a canopy CH4 sink;  or (3)  a 
dominant soil CH4 sink and a smaller canopy 
CH4 source,  with  relative  magnitudes  such 
that  the  combined  net  CH4 flux  is  a  sink 
(Bowling et al. 2009). In our forest, and in 
three  others  studies  the  undisturbed  forest 
floor  is  detected  as  a CH4 sink directly by 
soil  chambers (Pilegaard et al.  2003,  Mori-
shita et al. 2007) or indirectly via a profile 
system (Bowling et al. 2009) or eddy cova-
riance  measurements  (Smeets  et  al.  2009). 
The  CH4 soil  deposition  measured  over  a 
year  and reported  as annual  average varies 
from 34.2 µg m-2 h-1 (Pilegaard et al. 2003) 
to 66 µg m-2 h-1 (Morishita et al. 2007). The 
aerodynamic soil fluxes showed 70.8 µg m-2 
h-1 during  campaigns  in  July  and  August 
(Bowling et al. 2009) and 104.4 µg m-2 h-1 in 
an  August  campaign  (Smeets  et  al.  2009). 
Simple upscaling of the aerobic CH4 produc-
tion  in  Betula  populifolia leaves  (not 
sampled at the Soroe site) from the labora-
tory study at 20 °C (Bruhn et al. 2009) gives 
approximately 2 ng CH4 g dw-1 h-1 in dark 
and 6 ng CH4 g dw-1 h-1 in medium light. For 
a canopy with a LAI = 5 this will give 2+2+ 
2+2+6 = 14 ng CH4 g dw-1 h-1, since only one 
leaf layer is expose to direct UV light. If the 
Specific Leaf Area (SLA) is estimated to 140 
cm2 g-1 the CH4 emission from the leaves in 
the canopy will  be 1.0 µg CH4 ground m-2 
h-1.  This  number  could  be  higher  at  more 
natural  conditions  if,  e.g.,  emissions  from 
branches, stems, leaf buds, and litter are in-
cluded,  but  experimental  data  are  lacking 
here. However, we hypothesize that the can-
opy emission and the soil uptake is likely a 
case nr. 3 with a dominant soil CH4 sink and 
a smaller canopy CH4 source,  with  relative 
magnitudes such that the combined net CH4 
flux  is  a  sink  according  to  Bowling  et  al. 
(2009). This will make it almost impossible 
to  determine  an  aerobic  canopy CH4 emis-
sion by use of normal aerodynamic methods. 
In our study we focus on days with windless 
conditions and in the CH4 contour plot (Fig.
5) several “islands” with high CH4 concen-
trations  are  detected  around  canopy height 
over the 12 hour period. This could be an in-
dication  of a canopy CH4 production  since 
the calm conditions allow a CH4 concentra-
tion build up. It is notably, that the three first 
concentration  build-ups  in  the  canopy  are 
generated  in  the  dark  or  at  very low light 
conditions  and  at  low  temperature.  Under 
these conditions a very low CH4 production 
is expected from the laboratory experiments 
(Bruhn et al. 2009). At 11:30 the PAR level 
is increased to a level were also CH4 produc-
tion from direct UV light is expected (Bruhn 
et al. 2009). However, unfortunately the CH4 
build  up  is  without  the  possibility  for  a 
quantification of the production rate with the 
current method.  Using profile  measurement 
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Fig. 4 - Contour plot of the vertical CO2 concentration for the complete analysis period. The 
horizontal red lines illustrate the top and bottom of the beech canopy. Dots on Y-axis indic-
ate sampling inlets. CO2 concentration increases in the following order: Dark blue, light blue  
and green.
Fig. 5 - Contour plot of the vertical CH4 concentration for the complete analysis period. The 
horizontal red lines illustrate the top and bottom of the beech canopy. Dots on Y-axis indi -
cate sampling inlets. CH4 concentration increases in the following order: Dark blue, light 
blue, green and yellow.
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inside  a forest  cannot  yet  be used for  flux 
rate  estimation  unless  the  diffusion  coeffi-
cient can be estimated. In calm weather con-
ditions, when extreme stabilities are likely to 
occur, this is even difficult above canopies. 
The  heterogeneous  environment  inside  a 
forest  (stems,  leaves,  branches,  etc.)  influ-
ence the aerodynamic transport with varying 
intensities  due to variations in  wind speed, 
wind direction, heat flux, turbulence, etc. In 
general  these methods  only work in  statio-
nary  conditions,  meaning  that  the  back-
ground CH4 concentration doesn’t change. A 
change  in  background  concentration  with 
time will  also lead to vertical concentration 
gradients, until atmospheric mixing leads to 
equilibrium  between  surface  fluxes,  atmo-
spheric  transport  and vertical  concentration 
profiles.  Averaging  over  a  larger  data  set 
would  possibly help  to  test  our  hypothesis 
with higher accuracy.
However,  despite  these  limitation,  we 
found  the  lower  CH4 concentrations  closer 
the forest floor to be a plausible indicator for 
the expected soil  CH4 uptake (Fig.  3A, 3B 
and Fig. 5) and the CO2 build up at the forest 
floor (Fig. 4), and conclude that the measu-
ring  system  detects  concentration  profiles 
that would be expected in a normally func-
tioning forest ecosystem. This supports  our 
profile observation showing that CH4 emis-
sion occurs in the canopy. Nevertheless, this 
was only seen in  one campaign  due to  the 
special demands for windless conditions and 
the  pattern  that  shows  a  canopy  build  up 
must  be repeatedly shown  to  detect  a  CH4 
production in the canopy.  An improvement 
of  the  profile  system  will  include  more 
sampling within the canopy layer. The cur-
rent profile only include one sampling inlet 
in the canopy while the 6 other sampling in-
lets are situated above and below the canopy. 
One or two additional sampling inlets in the 
canopy will undoubtedly increase the detail 
level and provide a better understanding how 
and when the “islands” with higher CH4 con-
centrations are created and if the canopy can 
be categorized as a permanent CH4 source. 
The  system  will  however  not  be  able  to 
quantify any canopy fluxes.
Conclusions 
We asked in the headline:  is methane re-
leased from the forest  canopy?  and answer 
Yes, that is very likely since firm evidence 
has been produced in the laboratory (Vigano 
et al. 2008, McLeod et al. 2008, Bruhn et al. 
2009, Vigano et al. 2009), and consequently 
this must also be expected in the canopy in 
the  field  under  natural  conditions.  In  this 
study, we see indications for CH4 emissions 
from the canopy, but more data are needed 
to be analyzed before the canopy can be con-
sidered as a CH4 source or not. Additionally, 
more controlled experiments under  realistic 
light conditions with a variety of plants are 
needed  to  corroborate  the  hypothesis  of 
small  CH4 emissions.  However,  given  the 
new reduced  CH4 emission  estimates  from 
laboratory experiments  and  the  large  diffi-
culties to quantify such CH4 emissions in the 
field,  one  can  probably  conclude  that  the 
small  CH4 emissions  from  leaves  are  far 
from offsetting the climate cooling effects of 
forest due to CO2 sequestration.
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